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ABSTRACT
we propose a scenario for self-consistent interpretation of GeV - TeV spectrum of a dis-
tant blazar PKS 1424+240. In this scenario, ultra-high energy (UHE) protons are assumed to
exist in the blazar jet and produce gamma rays through synchrotron emission emitted by rel-
ativistic protons and pair cascades (resulted from pγ interaction); meanwhile, some of these
UHE protons may escape from the jet and are injected into intergalactic space. Therefore,
we assume that UHE cosmic rays (CR) originate from relativistic protons in the jet and use
energy-independent escape timescale to obtain UHECR injection spectrum. Both contribu-
tions of gamma rays injected by the source and secondary gamma rays produced in inter-
actions of UHECRs emitted by the blazar with photon background during their propagation
through intergalactic space are calculated. Our results show that this scenario is able to repro-
duce the GeV-TeV spectrum of PKS 1424+240 self-consistently in a broad range of redshifts
0.6 < z < 1.3. The required relativistic jet power Lp ≃ 3 × 1046 erg s−1 only moderately
depends on the assumed source redshift, while the proton escape timescale (and the injected
UHECR luminosity) strongly depends on z. We compare the integral TeV fluxes predicted
in our scenario with the sensitivity of the planned Cherenkov Telescope Array (CTA), and
discuss the implications to future observations.
Key words: cosmic rays — BL Lacertae objects: individual (PKS 1424+240) — gamma
rays: galaxies — radiation mechanisms: non-thermal
1 INTRODUCTION
In recent years, ground-based gamma-ray detectors have detected
very high energy (VHE) gamma-ray radiations from distant blazars
(e.g., Albert et al. 2008; Acciari et al. 2010). In addition, recent
analysis of the Large Area Telescope (LAT) on board the Fermi
Gamma-ray Space Telescope data show evidence of VHE gamma-
ray emissions from 13 distant blazars with redshifts z ∼ 0.6 − 1.5
(Neronov et al. 2012). Investigation of the VHE gamma rays from
distant blazars is useful to constrain the density and evolution
of the extragalactic background light (EBL) (e.g., Albert et al.
2008), to study the origin of UHECRs (e.g., Takami et al. 2013;
Essey & Kusenko 2014), and to find evidence for hypothetical
axion-like particles (ALPs) (e.g., Meyer & Horns 2013).
VHE gamma rays from distant blazars suffer serious EBL
absorption. For instance, the attenuation factor of the flux at
∼ 1 TeV emitted at z = 0.6 due to EBL absorption is ∼
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10−4 (Domı´nguez et al. 2011). If VHE gamma rays from a blazar
are produced in its jet, the intrinsic VHE spectrum after de-
absorption would be very hard and not a simple power-law (e.g.,
Archambault et al. 2014), which is hardly explained plausibly in
leptonic models. In such a case, a lepto-hadronic jet model is used
to explain VHE spectra of distant blazars (e.g., Bo¨ttcher et al. 2009;
Yan & Zhang 2015), in which VHE emission is attributed to syn-
chrotron emissions of relativistic protons and pair cascades cre-
ated in proton-photon (pγ) interaction. However, the jet model can
not explain the VHE emission from PKS 1424+240 if its redshift
z > 0.7 − 0.8 (Yan & Zhang 2015). Alternatively, it is recently
proposed that VHE gamma rays from distant blazars may be the
secondary gamma rays produced in the rectilinear propagation of
the UHECRs escaping from these blazars (e.g., Essey & Kusenko
2010; Essey et al. 2010). In the latter case, UHECRs interact with
background photons, i.e., EBL photons and microwave background
(CMB) photons, which creates UHE electrons and photons through
Bethe-Heitler (BH) pair production and photo-meson production.
These UHE electrons and photons would interact with background
photons again, and then pair cascades are induced; the secondary
photons are inverse-Compton-scattered (ICS) CMB photons by
the pair cascades. Because of the large mean interaction path of
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UHECRs, these secondary photons are produced relatively close
to the Earth (e.g., Essey et al. 2011a; Lee 1998; Murase et al.
2012). The UHECR induced cascade model is successful in ex-
plaining the observed VHE spectra of extreme high-synchrotron-
peaked BL Lacertae objects (HBLs) (e.g., Aharonian et al. 2013;
Essey & Kusenko 2010, 2014; Murase et al. 2012; Takami et al.
2013). In particular, UHECR induced cascade model is able to
explain the VHE emission from a blazar with redshift z > 1
(Aharonian et al. 2013; Essey & Kusenko 2014). However, in the
previous works the primary emission produced in the jet is either
simply assumed (e.g., Essey & Kusenko 2014; Aharonian et al.
2013) or neglected (e.g., Takami et al. 2013).
We would like to stress here that the secondary gamma-ray
photons generated in the propagation of protons in intergalactic
space may be related to the gamma-ray photons produced in the
jet. In the lepto-hadronic jet model, UHE protons (& 1018 eV) exist
in the jet (e.g., Yan & Zhang 2015), and some of these UHE pro-
tons may escape into intergalactic space, and then the secondary
gamma-ray photons are produced. The escaping proton spectrum
could be related to the relativistic proton spectrum in the jet via in-
troducing an escape timescale (e.g., Becker et al. 2006). Therefore,
the emissions produced in the jet and in the propagation of escaping
protons can be evaluated simultaneously in one model.
PKS 1424+240 is a HBL. VHE gamma rays from this
source have been detected by Imaging Atmospheric Cherenkov
Telescopes (IACTs) (Acciari et al. 2010; Aleksic´ et al. 2014;
Archambault et al. 2014). Its redshift is uncertain, but a firm lower
limit of z > 0.6 is determined (Furniss et al. 2013). A photomet-
ric redshift upper limit of z 6 1.10 was reported by Rau et al.
(2012). Based on its gamma-ray spectra, the redshift upper limits of
z 6 0.81, z 6 1.00 and z 6 1.19 were reported by Aleksic´ et al.
(2014), Scully et al. (2014) and Yang & Wang (2010), respectively.
The upper limit of z 6 1.00 (Scully et al. 2014) is EBL-model-
independent. In our previous paper (Yan & Zhang 2015), a lepto-
hadronic jet model was used to explain the VERITAS spectrum in
2009 reported in Archambault et al. (2014). It was shown that this
VHE spectrum could be explained in the jet model with a very low
EBL density if its redshift 0.6 < z < 0.75. Essey & Kusenko
(2014) presented that the UHECR induced cascade model could
reproduce the VHE spectrum reported in Acciari et al. (2010) with
the redshift up to 1.3.
In this work, we propose a scenario for explaining GeV - TeV
emission from a distant balzar, where both of primary gamma rays
produced in the jet and secondary gamma rays created in UHE-
CRs propagation are considered simultaneously (hereafter called
jet+UHECR model). We apply this scenario to study the formation
of the VERITAS spectrum of PKS 1424+240 observed in 2009 and
reported in Archambault et al. (2014). In the jet+UHECR model,
the GeV-TeV spectrum is explained self-consistently and energy
budget is discussed in detail. We use the cosmology parameters
H0 = 70 km s
−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7 in the calcu-
lations.
2 THE MODEL
In the jet+UHECR model, we assume high energy electrons and
UHE protons coexist in emission region of radius R′b contain-
ing a magnetic field of strength B in the blazar jet. Because of
the beaming effect, particles and photons from this region are
strongly boosted, and the Doppler factor is δD. The details of
high energy emission processes in the jet are described in lepto-
hadronic jet models, (e.g., Bo¨ttcher et al. 2013; Cerruti et al. 2014;
Dimitrakoudis et al. 2014; Yan & Zhang 2015). In such a model,
the following six processes are included: (1) synchrotron and SSC
emissions of primary electrons; (2) proton-photon pion produc-
tion; (3) proton synchrotron emission; (4) BH pair production; (5)
photon-photon pair production; and (6) synchrotron emission of
UHE-photons-induced pair cascades.
Some UHE protons in the jet may escape from the source and
propagate in the intergalactic space. The injected (into intergalactic
space) proton spectrum is assumed to be the escaping proton spec-
trum from the emission region in the jet. The injected proton rate,
Q(γp), at energy γp in the host galaxy frame can be expressed as
(e.g., Dermer & Menon 2009)
γ2pQ(γp) =
δ4Dγ
′2
p N
′(γ′p)
tesc
, (1)
where N ′(γ′p) is the emitting proton distribution at energy γ′p in
the emission region frame, and γp = δDγ′p. The escape timescale,
tesc, is written as tesc = ηR
′
b
c
, and η > is a constant. The escape
process does not affect the gamma-ray spectrum produced in the
jet (Dermer & Menon 2009; Bo¨ttcher et al. 2013). Previous studies
have shown that the injected proton spectrum has little effect on
the shape of secondary photon spectrum formed in the propagation
of cosmic rays, and it affects only the normalization of the photon
spectrum (e.g., Essey et al. 2011a). Our calculations show that if
the redshift of the source is large (e.g., z > 0.6), the secondary
VHE spectrum around ∼ 1 TeV is affected by the maximum energy
of injected protons (Ep,max) (also see Fig. 2 in Aharonian et al.
2013).
The details of the interaction processes in the UHECRs (as-
sumed to be protons here) propagation can be found in Lee (1998)
and Bhattacharjee & Sigl (2000), which include the above pro-
cesses (2), (4), (5) and double pair production, and IC scatter-
ing of CMB by pair cascades. We use the code TransportCR
developed by Kalashev et al. (Arisaka et al. 2007; Gelmini et al.
2012; Kalashev & Kido 2014), which is used in a number of
published papers (e.g., Arisaka et al. 2007; Kalashev et al. 2009;
Gelmini et al. 2012; Kalashev et al. 2013), to calculate the sec-
ondary emission produced in UHECRs propagation. The code sim-
ulates the standard interaction processes in UHECRs propagation
by solving transport equation in one dimension (see details in Kala-
shev & Kido 2014). Secondary gamma rays can only reach us from
the direction of the source if deflection of protons and electron-
photon cascades by intergalactic magnetic field (IGMF) are small
compared to the angular resolution of the instrument. The corre-
sponding deflection angle for protons is (e.g., Essey & Kusenko
2010)
θp ∼ 0.1
◦
(
BIGMF
10−14 G
)(
4× 1016 eV
Ep
)(
D
Gpc
)1/2 (
lλ
Mpc
)1/2
.
(2)
Here, BIGMF is the intergalactic magnetic field (IGMF) strength
and lλ is the coherence length of magnetic field; D is the distance
to the source and Ep is the proton energy. At present the inter-
galactic magnetic field (IGMF) is very poorly known. The theo-
retical and observational constraints on the mean IGMF strength
BIGMF and correlation length lλ are summarized in the review by
Durrer & Neronov (2013):
10−18 G
∼
< BIGMF ∼
< 10−9 G,
lλ ∼
> 1pc.
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Figure 1. Reproduction of the observed gamma-ray spectra of PKS
1424+240 in the jet+UHECR model with z = 0.6. EBL1 refers to the EBL
model of Franceschini et al. (2008), and EBL2 refers to the EBL model
of Inoue et al. (2013). The details of the observed data can be found in
Archambault et al. (2014).
The lower limits on BIGMF derived from GeV-TeV spectra of
blazars vary from 10−18 G to 10−15 G (e.g., Neronov & Vovk
2012; Tavecchio et al. 2010; Dermer et al. 2011). Taking into ac-
count the secondary contributions from cosmic rays to blazars spec-
tra, the 95% confidence interval for BIGMF of (0.01 − 30) ×
10−15 G was reported by Essey et al. (2011b). The observed ev-
idences of GeV pair halos around blazars indicate BIGMF in
the range (0.01 − 1) × 10−15 G (e.g., Ando & Kusenko 2010;
Chen et al. 2014). In the following, we adopt BIGMF = 10−15 G
and lλ = 1 Mpc (unless stated otherwise). For such a field the de-
flection angle of protons with energy Ep & 1017 eV emitted by a
distant blazar is smaller than the angular resolution of IACTs and
Fermi-LAT.
The deflection of pair cascades can be estimated assuming
that the magnetic field correlation length is always higher than
the electrons mean free path. In TransportCR code we mimic the
deflections by assigning a finite lifetime to the cascade electrons.
While this is a simplification, the results were tested against the
full Monte-Carlo calculations and they agree sufficiently well for
our purposes.
In our preliminary calculations, we see that the deflection of
pair cascades mainly affects secondary gamma rays below ∼30
GeV assuming BIGMF ∼ 10−15 − 10−14 G and lλ = 1 Mpc.
Containment radius of Fermi-LAT PSF strongly depends on energy
below ∼ 5 GeV (Ackermann et al. 2013). Practically, we simply
adopt the PSF of 0.5◦ , the 95% containment radius of the on-orbit
PSF for front events at ∼ 5 GeV (Ackermann et al. 2013). We will
discuss the effect of this treatment on our results in Section 4.
3 RESULTS
The model parameters B, R′b and δD can be derived through
modeling the low-energy component of SED. The values derived
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Figure 2. Same as Fig. 1 but with z = 0.8.
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Figure 3. Same as Fig. 1 but with z = 1.0.
in Yan & Zhang (2015) are used here, i.e., B = 15 G, R′b =
4.7 × 1015 cm, and δD = 30. We can make the primary-electron
synchrotron emission to match the observed low-energy compo-
nent of SED through adjusting the parameters of electron distribu-
tion when using different redshifts. The maximum energy of pro-
tons of Ep,max ≈ 1020 eV in the host galaxy frame derived in
Yan & Zhang (2015) is also used. We here focus on the reproduc-
tion of the high energy SED in the jet+UHECR model.
Figs. 1-4 show the reproduction of the observed GeV-
TeV spectrum in the jet+UHECR model using EBL models of
Franceschini et al. (2008) and Inoue et al. (2013), and different red-
shifts.
In the case of z = 0.6 (Fig. 1), it can be seen that the con-
c© 2014 RAS, MNRAS 000, 1–??
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Figure 4. Same as Fig. 1 but with z = 1.3 and BIGMF = 6 × 10−15 G,
and only results using EBL of Inoue et al. (2013) are showed. The thin-solid
line presents the total flux using the maximum energy of injected protons of
7× 1018 eV.
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Figure 5. Spectral density of emitting protons in the jet in the emission
region frame in the cases of z = 0.6 (dash-dotted line), z = 0.8 (dashed
line) and z = 1.0 (solid line).
tribution of the secondary gamma rays produced in the UHECRs
propagation to the SED is suppressed by using a large η ≈ 480 be-
cause the jet emission is not yet substantially absorbed. The power
of relativistic protons in the jet is Lp ≈ 2.4 × 1046 erg s−1.
The corresponding injected (escaping) proton power is Linj ≈
5.0 × 1043 erg s−1. It is noted that if a lager Linj (e.g., Linj &
8.0 × 1043 erg s−1) is used, secondary gamma rays will exceed
the observed VHE spectrum above ∼ 0.2 TeV. The two EBL mod-
els make the spectra around 1 TeV different, and the total flux at
∼ 1TeV obtained assuming EBL model of Inoue et al. (2013) is
higher than that assuming EBL model of Franceschini et al. (2008).
In the case of z = 0.8 (Fig. 2), the contribution of sec-
ondary emission is improved to match the VHE observation, which
becomes dominant above ∼ 0.2 TeV. We use Lp ≈ 3.2 ×
1046 erg s−1 and η = 190, resulting inLinj ≈ 1.7×1044 erg s−1.
In this case, the TeV spectra calculated by using different EBL
models are similar.
In the case of z = 1.0 (Fig. 3), the GeV-TeV spectrum also
can be reproduced in the jet+UHECR model. To match the ob-
served VHE spectrum, the secondary component is substantially
enhanced, which becomes dominant above ∼ 20 GeV. Due to the
large redshift, the optical–X-ray luminosity also becomes large,
which leads to a high pγ interaction rate and SSC emission. There-
fore, to avoid the gamma-ray emission from the jet exceeding the
observed GeV spectrum, the same Lp as in the case of z = 0.8 is
used. However, different values of η are needed for different EBL
models, i.e., η = 70 for EBL model of Inoue et al. (2013) and
η = 47 for EBL model of Franceschini et al. (2008). The corre-
sponding injected proton power is Linj ≈ 4.4 × 1044 erg s−1 and
Linj ≈ 7.1× 10
44 erg s−1, respectively. In this case, it seems that
the spectrum calculated by using EBL model of Inoue et al. (2013)
gives a better reproduction of the observed TeV spectrum than us-
ing EBL model of Franceschini et al. (2008).
In the case of z = 1.3 (Fig. 4), we only show the results calcu-
lated by using EBL model of Inoue et al. (2013). It can be seen that
the secondary component becomes dominant above several GeV.
Lp ≈ 2.9 × 10
46 erg s−1 is used, and a smaller η = 10 and a
larger BIGMF = 6 × 10−15 G are needed. The corresponding in-
jected proton power is Linj ≈ 2.9 × 1045 erg s−1, which is ten
percent of Lp. In Fig. 4, we also show the effect of maximum en-
ergy of injected protons on the secondary photon spectrum. The
maximum energy of injected protons of 1020 eV and 7× 1018 eV
(in the host galaxy frame) are used to calculate the results pre-
sented by the thick and thin solid lines in Fig. 4, respectively. Us-
ing a smaller Ep,max, a better reproduction of the observed TeV
spectrum is obtained. A smaller η ≈ 3 is required in the case of
Ep,max ≈ 7× 10
18 eV.
One can see that the jet+UHECR model is able to reproduce
the GeV-TeV spectrum of PKS 1424+240 assuming its redshift
in the range of 0.6 – 1.3. The relativistic proton power in the jet
which is constrained by the Fermi-LAT spectrum is insensitive to
the redshift. However, for a higher redshift, a larger injected pro-
ton power is needed; for instance from z = 0.6 to 1.3 the required
Linj increases from 5.0 × 1043 erg s−1 to 2.9 × 1045 erg s−1 (or
1046 erg s−1, depending on Ep,max). The effect of IGMF on mod-
eling of GeV-TeV SED is negligible when z < 1. When z & 1, the
contribution of secondary emission to the SED is dominant over
primary emission above ∼ 20 GeV, and the modeling result be-
comes sensitive to BIGMF.
In Fig. 5, we show the relativistic proton spectral densities in
the emission region frame providing the jet emissions in Figs. 1-
3, and n′(γ′p) = N ′(γ′p)/(4/3piR′3b ). There are no peaks in
these distributions because the energy loss rates of relativistic pro-
tons are dominated by adiabatic losses (e.g., Yan & Zhang 2015;
Cerruti et al. 2014). The corresponding injected proton spectra are
calculated by using Equation (1). The lowest energy of protons
Ep,min does not affect the secondary emissions. Using Ep,min =
10 TeV and 0.1 EeV, we derive the same results. The relevant pro-
ton power is insensitive to Ep,min because the spectral index is
smaller than 2, is very hard but still possible in certain accelera-
c© 2014 RAS, MNRAS 000, 1–??
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tion scenarios (e.g., Virtanen & Vainio 2005; Summerlin & Baring
2012).
4 CONCLUSION AND DISCUSSION
As demonstrated above, the jet+UHECR model can reproduce the
observed VHE spectrum of PKS 1424+240 in a broader range of
redshifts, from the observational lower limit 0.6 to 1.3, than the
jet model proposed by Yan & Zhang (2015), thanks to the sec-
ondary component produced in the UHECRs propagation. Our
modeling results are roughly consistent with the results showed
in Essey & Kusenko (2014). The advantages of the jet+UHECR
model are that it can explain the GeV-TeV spectrum of PKS
1424+240 self-consistently and it clearly shows that the jet can
provide energy to produce the secondary gamma-ray emission. In-
deed, as long as a small fraction of the relativistic proton power in
the jet is injected into intergalactic space, the produced secondary
gamma-ray photons can account for the observed VHE spectrum
from a blazar residing at a redshift of ∼ 1. The required relativistic
proton power of Lp ∼ 1046 erg s−1 (dominating the jet power)
can be provided by a 109 M⊙ black hole with the Eddington lu-
minosity of LEdd ∼ 1047 erg s−1. The isotropic equivalent lumi-
nosity Liso can be much greater than the absolute power L (e.g.,
Lp and Linj ): Liso = L/fb, where fb ≈ (1 − cosθjet)/2 ≈
θ2jet/4 ≈ 1/4δ
2
D (Essey et al. 2011a). Taking δD = 30, we de-
rive Lp,iso ∼ 1049 erg s−1. The absolute injected proton power
of Linj ∼ 1044−45 erg s−1 (the corresponding isotropic equiv-
alent luminosity Linj,iso ∼ 1046−48 erg s−1) is larger than that
of lower redshift blazars derived in Essey et al. (2011a). It is clear
that Linj and Linj,iso strongly depend on the assumed redshift, and
Linj,iso is the upper limit of cosmic-ray luminosity emitted by PKS
1424+240. The dependence of Linj,iso on the redshift may effect
the estimates of the contribution from blazars to the observed cos-
mic rays and the blazar number emitting TeV flux above a certain
flux limit.
We show the effect of Ep,max on the secondary TeV spectrum
in the case of z = 1.3. Using a smaller Ep,max ≈ 8 × 1018 eV,
the modeling result becomes better; however, the required larger
Linj ≈ 10
46 erg s−1 is about 30% of Lp. When the redshift ap-
proaches to unity, the contribution from secondary emission be-
comes dominant above ∼ 20 GeV. This means that in the frame of
the jet+UHECR model, if the redshift of PKS 1424+240 is ∼ 1,
no variability on timescale of months or shorter should be de-
tected above ∼ 20 GeV. Therefore, GeV variability features can be
used to test the jet+UHECR model and constrain redshift of PKS
1424+240. The escape process of particles is assumed to be energy-
independent in this work. In an energy-dependent escape scenario,
the maximum energy of escaping particles is limited by the escape
timescale (e.g., Dermer et al. 2014).
Let us discuss the effect of the simple treatment of the Fermi-
LAT PSF. Because of the larger realistic PSF angle below ∼ 5 GeV
than 0.5◦, the secondary gamma-ray flux below ∼ 5 GeV was
underestimated, which can only effect the results using z & 1
where the contribution of the secondary gamma-ray flux to the ob-
served GeV spectrum can not be neglected. However, the secondary
gamma-ray flux below ∼ 5 GeV is also affected by the value of
BIGMF. If the exact PSF is used, in order to reproduce the GeV-
TeV spectrum, a larger value of BIGMF (∼ 10−14 G) than that
adopted in cases of z = 1.0 and 1.3 will be needed to suppress
secondary gamma-ray flux below ∼ 5 GeV.
VHE emission from distant blazars may have profound
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Figure 6. Integral total fluxes in the case of z = 0.6 using EBL models of
Franceschini et al. (2008) (dashed line) and Inoue et al. (2013) (solid line).
The thick-solid line is the integral sensitivity goal of Cherenkov Telescope
Array (CTA) for a 50 hours observation (Actis et al. 2011).
impact on several areas related to gamma-ray astronomy
(Essey & Kusenko 2012), e.g., the measurement of EBL (e.g.,
Albert et al. 2008), the origin of UHECRs (e.g., Takami et al. 2013)
, and the finding of ALPs (e.g., Meyer & Horns 2014). If the sec-
ondary emission produced in the UHECRs propagation indeed con-
tributes to the observed VHE emission of blazars, the high den-
sity EBL model of Stecker et al. (2006) could also be favored
(Essey et al. 2011a). Next, let us discuss the implications of our
results. In Fig. 6, we show the comparison with the integral fluxes
predicted by our jet+UHECR model in the case of z = 0.6 and
the integral sensitivity goal of the planned project CTA. One can
see that it is likely for CTA to detect VHE emission ∼1 TeV from
PKS 1424+240. Inoue et al. (2014) showed that a large number of
blazars can be detected by CTA if the secondary gamma rays are
taken into account and the future survey of CTA will provide evi-
dence of the secondary gamma-ray scenarios. Our model predicts
that no signals above several TeV from PKS 1424+240 can be de-
tected by CTA even if the EBL density is as low as that estimated
by Inoue et al. (2013). If the signals above several TeV from PKS
1424+240 are detected in the future, then an alternative way is
needed to explain it, e.g, the existence of ALPs. A firm determi-
nation of the redshift of PKS 1424+240 will put strong constraints
on the relevant issues.
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